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Coupled quasidiabatic potential energy surfaces for LiFH
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We present high-levedb initio calculations for the global adiabatic potential energy surfaces of the
ground stateX 2A’) and several excited staté&?A’, B2A”, C2?A’, D ?A’, andE ?A”) of LiFH,
including the valleys leading to kiHF and LiF+H. The ab initio calculations were carried out
using the multireference singles and doubles configuration interaction method with 99 reference
configuration state functiof€SF3 for the?A’ states and 39 reference CSFs forthA& states. The

basis set consisted of 140 contracted Gaussian functions, including specifically optimized diffuse
functions, and calculations were performed on a dense gri¢t 3800 nuclear geometries which
allowed us to construct an accurate analytic representation of the two lowest-energy LiFH potential
energy surfaces. An analyticX2 quasidiabatic potential energy matrix was obtained by fitting
physically motivated functional forms to tfa initio data for the two lowest-energy adiabatic states
and explicitly including long-range interactions. The newly presented LiFH fit is compared to
several ground-state LiFH fits and one excited-state LiFH fit that have appeared in the
literature. © 2002 American Institute of Physics.

[DOI: 10.1063/1.1463440

I. INTRODUCTION This type of reaction is of particular importance as a means
he Li is ideal for detailed th ical q of probing the transition state region of the excited-state
The LIFH system Is ideal for detailed theoretical stu yLi(2 p) +HF reaction. For sufficiently large excitation ener-

be;:a:tisel Itnlsr relatlr\;ely ilmpler, yﬁt f_?_zturers ?:; 'Tetresl_ti'p ieshv, another dissociation pathway is accessible where the
pgtgntigl eenirgy S'Str;%%lg,ogﬁg ?hpe)g naem?c:uof tr?eaeelec- Li---FH)* exciplexes dissociate in an electronically excited
P gy y state and form the Li(g) + HF product.

tronically adiabatic LiHF—LiF+H reactiof®~?® have . ) .
been widely studied. The excited std#& and electroni- " Order to facilitate the detailed theoretical study of the
LiFH system, we present high-levab initio calculations for

cally nonadiabatic dynami#?® of LiFH have attracted at- ) .
a dense grid of nuclear geometries for the ground state and

tention only recently. The ground-state potential energy sur];, f, . FLi fthe f h
face has a relatively deep van der Waals well in the &)(2 irst five excited states of LiFH. Some of the features on the

+HF entrance valley and a barrier in the Lif exit valley. ground- and excited-state adiabatic potential surfaces are the

A strongly bound excited-state complésxciplex is present result of the interaction of covalent and ionic valence bond
in the first excited state at a geometry similar(bait tighter ~ configurations, and a mult?configurational treatment is nec-
than the geometry of the ground-state van der Waals well€SSary to accurately describe these featukesinitio calcu-
The ground- and first-excited states of the LiFH system ardations were performed with the multireference configuration
coupled nonadiabatically, forming a seam of avoided crossinteraction(MRCI) method employing relatively large refer-
ing at larger Li—F and H—F separations. ence spaces and a large one-electron basis set. Although in
The features of the coupled LiFH potential energy sur-this work we focus 'mainly on the potential energy surfaces
faces allow for interesting dynamical processes. For exof the ground- and first-excited states of the LiFH system, we
ample, the ground-state van der Waals molecules {EH) also present less extensive results for other low-lying states
may be excited into the exciplek(Li---FH)*]. These of LiFH, including all states that correlate with the
excited-state complexes are relatively long-lived and mayi(2s2S)+HF(X 3 ") and Li(2p 2P)+HF(X '3 ) limits.

undergo electronically nonadiabatic dissociatfi which The energies obtained from treb initio calculations
can proceed either reactively to form LifH or nonreac- were used to construct a three-dimensional analytic fit for the
tively to form electronically quenched L€+ HF two lowest-energy quasidiabatic*states of LiFH and their

electronic coupling. In a previous wofRwe have presented
semiclassical trajectory photodissociation calculations using
Li(2s)+HF. (R1b) analytic fits for the NaFH and LiFH systems. The LiFH fit
used in the previous studyvhich may be called surface fit
aEectronic mail: truhlar@umn.edu H) was based on a limited set ab initio data. In the current
YSelected as an Alfred P. Sloan Research Fellow in 2002. work, we describe an improved LiFH fit called surface fit J

ho LiF+H (R1a)
Li---FH— (Li---FH)* —
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TABLE |. Calculated(MRDCI) and experimentalExpt.) excitation ener-  TABLE Il. Calculated(MRDCI) and experimentd[Expt.) electron affinities

gies and ionization potential$P) of Li (in eV). of F and H(in eV).
MRDCI Expt? MRDCI Expt?
2525-2p %P 1.837 1.848 F 3.31 3.40
2s25-3s?s 3.373 3.373 H 0.74 0.75
252S—-3p 2P 3.833 3.834
P 5.372 5.392 %Reference 72.

®Reference 74.

expansions, as determined by a selection thresho(dsu-
that is based on the larger setadf initio data presented here. ally, a few uE,, or a fraction of oneuEy). The selection of
Care has also been taken to explicitly include accurate longexcited CSFs is based on the estimated energy lowering ef-
range interactions, which were not included in the prelimi-fect of each added CSF on the desired eigenvalues of the
nary fit. The newly presented LiFH quasidiabatic potentialHamiltonian matrix involving reference CSFs, as explained
energy matrix is global and can be used to describe grounddlsewheré? The Cl eigenvalue problem then is solved sev-
state or nonadiabatic bimolecular scattering processes as weltal times for different values of selection threshdldand
as the photodissociation processes shown in BRsg and  the resulting energies are extrapolated toTke0 limit. This
(R1b) for both quantum-mechanical and semiclassical dydimit corresponds to the complete MRCISIMRCI singles
namics simulations. and doubleseigenvalue problerfr The final MRDCI energy
In Sec. Il we present the details of thab initio calcula-  of a given electronic state is obtained by adding the simpli-
tions for the LiFH system. Section Ill describes the procefied quasidegenerate Davidson correctforo the extrapo-
dure we used to obtain an analytic fit of thb initio data. lated MRCISD energy. In each of the three types of the
Section IV discusses the fit and compares it to severaMRDCI calculations reported in this workeferred to as
ground-state LiFH fits and one excited-state LiFH fit thatstrategies A—C and fully described belpwhe extrapolated
have appeared previously in the literatfiré11-13 energies were obtained using three threshold vallieas
described below.
Although in this study we were mainly interested in the
Il. AB INITIO ELECTRONIC STRUCTURE two lowest states ofA’ symmetry, we also wanted to un-
CALCULATIONS derstand the topography of the potential energy surfaces
characterizing other low-lying states of the LiFH system.

varianf® of the multireference configuration interaction Thus, along with the ground stat& tA’) and the first ex-

A .
(MRCI) method. In this approach, a series of variational cIcited state A“A’), we calculated the potential energy sur-

calculations is carried out using sets of spin- and symmetrytaces of four other states, including two more states of the

adapted configuration state functiof®SF$ that are selected A’ symmetry (the CA’ and D A’ state$ and the two

from all possible CSFs generated by single and double subewest states ofA” symmetry(the B ?A” andE ?A” states.
stitutions in reference configurations. For multireference calThe calculated states correlate with the six doublet states
culations, the reference space contains those CSFs that aterresponding to the lowest-energy noninteracting-atom
believed to be essential for the description of the nondynamilimit [i.e., the Li(252S) + F(2p°® ?P) + H(1s2S) asymptoté

cal correlation in the electronic states of interest, as well aThese  states include the  L§2S,2p?P,3s2S)

some of the leading configurations needed for dynamical cor+ HF(X 13 *) states of the reactants and the
relation. In each ClI calculation, the selection of excited CSF4iF(X 13", AMI,B3I,C33 " ,D 13 %)+ H(1s2S) states of

is made based on their importance in the Cl wave functiorproducts. In choosing the reference spaces and basis sets for

Ab initio calculations were performed using the MRDCI

TABLE Ill. Ground-state properties of HF, LiF, and LiH. A comparison of the calculé¢BDCI) and experimentalExpt.) data.

ro/A? welcm 1P Do/eVe w/DY AE/eV®
Diatom MRDCI Exptf MRDCI Exptf MRDCI Exptf MRDCI Expt9 MRDCI Expt"
HF 0.9165 0.9168 4147.7 4138.3 5.68 5.87 1.819 1.826 0.00 0.00
LiF 1.5645 1.5639 903.7 910.3 5.67 5.91 6.358 6.325 0.21 0.17
LiH 1.5946 1.5957 1402.0 1405.7 2.44 2.43 5.851 5.882 3.37 3.60

&The equilibrium bond length.

The harmonic vibrational frequency.

“The dissociation energy. The MRDCI value Bf, was calculated fronD.— w./2, whereDy is a difference between the asymptofic=7.5a, for HF, r
=31a, for LiF, andr=154a, for LiH) and equilibrium values of the MRDCI ground-state energies.

The dipole moment.

€The difference between the energy of the diatom at its equilibrium bond length and the energy of tie &symptote at the HF equilibrium bond length.
'Reference 75.

Y9Average value for the ground vibrational state.

"Computed fromD, and w,, .
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TABLE IV. Vertical excitation energieén eV) from theX 13" state of HF TABLE VI. Vertical excitation energiesin eV) from the X 13 f=113"
at the experimental equilibrium distancg=0.917 A. Continuous absorp- state of LiH at the experimental equilibrium distange=1.595 A.
tion starting at 60 600 cm' (7.51 eV} has been attributed to thé S ™

— 1 transition(Ref. 75 and references thergin State MRDC?
b c 1337 3.27
Staté MRDCI MRDCI pis+ 367
M 10.060 10.06 131 4.25
I 10.417 10.41 1 4.2¢'
8 13.442 13.59
#Present work| 5s4p3d2 f/5s4p2d] basis set.
4 owest excited state for each symmetry. The T, (minimum to minimunm excitation energy is 3.29 eV. The experi-
bPresent work[5s4p3d2 f/5s4p2d] basis set. mental value ofT, is 3.29 eV(Ref. 75.
‘Reference 76,7s5p2d/3s1p] basis set. “The lowest stabléll state is located at 1700 cmi ! or 0.21 eV below the

lowest stablél state.

9The T, (minimum to minimum excitation energy is 4.32 eV. The experi-
our MRDCI calculations, we obtain a balanced description of MMl value offe is 4.33 eVI(Ref. 75.
the four lowesfA’ and two lowesfA” states. We also ob-
tain a very accurate description of the lowest f#d states,
and this was used to construct &2 quasidiabatic fit de-
scribed in Secs. Il and IV.

prompts a few remarks. When collinear arrangements of the
Li, F, and H atoms are approacheg., at L-F—Hangles of
80° or 09, the symmetry of the LiFH electronic Hamil-

. Jhe ba;is ;%t gsli(ém tfhg '\SSD;:' _calcu%?tions consijste onian increases froi@ to C.., , so that theA’ andA” states
of the standard 6- (2f,3p2d) basis set, augmente classify as¥, I, etc. stategsimilarly, the ROHF orbitals that

by several diffuse functions whose exponentg were optifOr the bent configurations classify @& and a” orbitals
mized to accurately reproduce selected properties of the Lbecome(r, a, etc. orbitals for the collinear arrangements of

H’ and .F atoms{excitatioq ?T‘ergies of Li, ionizatiqn poten- e Li, F, and H atoms The incomplete reference spaces and
t'al. of Li, and elect'ron afflnl.tles ,Of H gnd)l—'and basic ProP- the CSF selection procedures that are used in MRDCI calcu-
e_zrtl_es of the HF, LiF, an_d L'H diatomic fragmer(tm_e €qu- *ations give results that are not unitarily invariant with re-
"b”“”_‘ bon_d lengths, vibrational term value_s, OlISSOCIat'onspect to general orbital rotations within the core, active, and
energies, dl!oole moments, and low-lying excited sjafBise virtual blocks. In particular, the results for the collinear ge-
following diffuse functlt_)ns were used _to augment theometries may depend on whether we uSe or C.,
6-311G(312f,3p2d) basis sgt(exponents n parentheSes symmetry-adapted orbitals and CSFs. For this reason, we
$(0.0052) ang(0.0097) funct|on§ centered on Is(0.089), never used the G, symmetry(or its C,, Abelian subgroup
$(0.00001), andp(0.083) functions f:entered on F, and in our calculations, as this would result in a nonsmooth
5(0'03.7)’3(0'012)’ andp(0.055) functions .centered on H. pehavior of our calculated potential energy surfaces for
Cartesian representations of theand f functions were em- i—F—H angles approaching 180° and 0°. To mimic the col-
ployed throughout, so that the total number of contracte inear arrangements of the Li, F, and H atoms, while retain-
Gaussian functions in the basis set was 140. The high accuﬂ,-]g the C, symmetry for all geometries, we included Li—
racy of our basis set can be judged by the results of th;e:_H anglses of 179.99° and 0.01° in our’ grids.

MRDCI calculations for the Li, H, and F atoms and HF, LiF, The MRDCI calculations for th@A’ states are based on

and LiH molf—:-cules, as s.hown. in Tables. I-VI. The to.ta_l ab'62 symmetry-adapted reference configurati@ssdefined by
solute energies for the diatomic calculations at the minimuMy & 5pital occupation numbersr, equivalently, 99 spin-
energy bor;d Ienfgth hare 100.'353 2d63',_ }j97-29‘_3 414, and and symmetry-adapted CSFs. The' states were described
—8.043992E,,, for the HF, LIF, and LiH diatomics, respec- by 24 reference configurations or 39 CSFs. These configura-

tively. . L tions were chosen so as to provide an accurate and well
The MRDCI calculations reported in this work were per-‘%/

¢ d usi d cted hell H F alanced zero-order description of the four lowat and
ormed using ground-state restricted open-shell Hartree-Fogg, , |ovest?A” states in the 6-root calculations with thresh-

; ) .
(ROHP orbitals, and the lowestdl molecular_orb|tal Was  o1ds T=4, 6, and 8uE, referred to as strategy Asee the
kept frozel_"n. All ROHF and correlated calculatlgns were per-jiscussion below for further detaisover a wide range of
form.ed using theCs symmetry common _to all LiFH nuglear nuclear geometries, including: the-tHF and LiF-H dis-
configurations. The use @ symmetry in our calculations sociation channels, the vdW well on the ground-state poten-
tial energy surface, the excited-state well, the region of the
TABLE V. Vertical excitation energiegin eV) from the X 1S+ =113+ avoided crossing between ground-_ z_ind exmted-st_ate potential
state of LiF at the experimental equilibrium distange- 1.564 A. Peaks in ~ €nergy surfaces, and the transition-state region for the
the electron energy loss spectrum are at 6.6, 8.7, 10.9, 62(®el 75. ground-state L+ HF— LiF+H reaction.
In the language appropriate for the+tHF limit, the

State MRDCT reference CSFs defining tA&’ CI subproblem included the
1300 6.58 ground-state ROHF determinant, the-22p, 3s, 3p, 3d,
12H+ 6.57 4s, 4p, etc. single excitations in L{important to describe
;1; g'gg excited states of the Li-FH compley, the valencer— o*
: single and double excitations in Hffmportant to describe
3Present work|5s4p3d2 f/5s4p3d2 f] basis set. the bond breaking in Hf-the valencer— o* as well as the
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Rydbergo, m— o, @ mono- and biexcitations in HF, the actants. In this case, thea6 and 7a’ orbitals represent, re-
2s(Li) —o* (HF), o(HF)—2s, 2p, 3s, 3p, 3d, 4s, spectively, the 2 and 2o orbitals of Li. As the Li—F distance
4p(Li), etc. andw(HF)—2s, 2p, 3s, 3p, 3d, 4s, 4p(Li), decreases and the H—F distance increases, #ieorbital
etc. monoexcitations between Li and HF, and various “prod-evolves into an antibonding orbital of HF having a signifi-
uct” double excitations, such asc?(HF)—2s'2p?, cant admixture of diffuse atomic orbitals centered on Li, al-
2s'3st(Li), o?(HF)—2sY(Li)(o*)Y(HF),  @?(HF)  lowing us to describe an ionic intermediate’ H(F—H)",
—2s12pt, 2s'3sl(Li), and 7w?(HF)—2s*(Li)(¢*)}(HF).  which plays an important role in the electron transfer be-

Thus, along with the ground-state ROHF determinant tween the excited lithium atom and the HF fragment in
(LiFH)*, ultimately allowing for nonadiabatic dissociation
®O=|{corg(4a’)?(5a’)%(1a")?(6a’)?|, (1)  of (LIFH)* into the reaction products, EqR1a. At the

same time, the & orbital becomes adorbital of hydrogen,
where {corg =(1a’)?(2a’)?(3a’)?, in which the lowest so that when the H—F bond finally breaks, the ROHF con-
1a’ molecular orbital(~1s orbital on fluoring was kept figuration®(®, Eq. (1), describes the ionic product channel,
frozen, the CSFs of the following types were chosen as refi.e., LIF(X '3 ")+ H(1s2S). The presence of the carefully

erence configurations: optimized diffuse functions in the basis set was essential for
o , , , . obtaining an accurate description of tX&?A’ and A 2A’
o V=|{corg(4a’)*(5a’)*(1a")*(na’)"|, (2)  potential energy surfaces in the region of nuclear geometries

where the nonadiabatic transitions and a significant rear-
®P=|{corg(4a’)'(5a’)3(1a")%(6a’)}(na’)'|, (3) rangement in the electronic structure of the excited-EH
complex (from the covalent to largely ionic Li—(F—H)~
®®)=|{corg(4a’)3(5a’)}(1a")%(6a’) (na’)Y|, (4) intermediate which are responsible for the photoinduced
charge transfer in Li-FH, take place.

where 7<n<=20, A similar set of references, including thes22p, 3p,

3d, 4p, etc. single excitations in Li, ther— 7 and

d@®=|{cora(4a’)i(5a’)2(1a")%(6a’)? —0o*, o, 7 single excitations in HF, and the(HF)— 2p,
|{corg(4a’)*(5a’)%(1a")%(6a’)?|, (5)

3p, 3d, 4p(Li), m=(HF)—2s, 2p, 3s, 3p, 3d, 4s, 4p(Li),
®5)=|{cord (4a’)%(5a’ ) (1a")2(6a'), ©6) o?(HF)—2s2p?(Li), and 7?(HF)—2s'2p’(Li) intersys-

tem excitations, was defined for tR&” states. Thus, along
(D$16)= |{C0r@(5a’)2(1a,’)2(6a’)1(na’)2|, (7) with the

(1) — 1\2 12 "2 m 1

<I)$17)=|{Cor@(5a')2(1a”)2(6a’)2(na’)1|, (8) q)n |{C0r@(4a ) (sa ) (1a ) (na) |: (15)
®(®=|{corg (4a")%(1a")%(6a’) (na')?, (9) ®(=|{cord (4a')}(5a")%(1a")%(6a") (na")Y|, (16)
(9= {corg (4a')(1a") (62" 2(na' ), ag "

where =n<9, and a)513):|{Corq(4a,)2(5‘3,)l(]-a”)z(Ga’)l(n'a”)l| (17)
P10=|{cord (4a’)2(5a’)4(1a") (6a" ) (2a") Y|, (11 configurations, wherea=2-7, we included in the reference
[{corg(4a’)*(5a’)*(1a")*(6a’)*(2a")"|, (11) space the
d(M=|{cord(4a’) (5a’)*(1a")? ~
" d("=|{cord(4a')%(5a")%(1a")}(6a’) (na")}| (18
X (6a')}(7a’) (na’)!],
configurations withn=7-9, and the

(n=31,32, (12
PG)=|{corg (4a’)¥(5a’)(1a")}(6a’)?, (19
®12=|{cord(4a’)*(5a’)%(1a")*
X (6a")}(7a’)}(12a")1], (13 d®)=|{corg (4a')%(1a")X(6a")%(2a")Y], (20
®I¥)=|{corg(4a’)?(5a’)}(1a")? and
x (6a')}(7a’)}(12a") Y. (14 ®()=|{corg (5a")*(1a")*(6a")%(2a")*, D

Two CSFs were particularly important for the description of configurations.

the two lowest?A’ states, namely, the ROHF configuration The above reference spaces do not represent complete
®©) Eq. (1), and the monoexcited configuratidrél), Eq. model spaces. The fact that we did not use a complete active
(2). These two configurations correlate with the L¢5) space approach, which would considerably increase the cost
+HF(X '3 ") and the Li(2 ?P)+HF(X 1= ™) limits of re-  of our calculations, was compensated for by a careful choice
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of reference configurations. These reference configurationgsium located~0.24 eV below the L+ HF asymptote. The
were selected in such a way that they rotate into one anothgfyer regions of th& A’ andA2A’ potential energy sur-

when the nuclear geometry varies. The appropriateness ¢f e are accurately described with strategy B, which has

our selection of references can be best illustrated by the Siz&timated extrapolation errors of 0.01-0.03 eV for all

of the sum of the squared magnitudes of the coefficients olfwclear geometries included in the calculations. The least

the qbove reference CSFs m, the final Cl wave f,EmCt'On ex'expensive set of calculations, defining strategy A, has ex-
pansions of the four lowe$A’ and two lowesfA” states

. o lati f 0.02-0. V; thi level
defining strategy A, the two lowe$A’ states defining strat- gjfﬁiziiz??oerrrg\r/is dg irg‘:rm e?cigr? aeb (;utt ,EE eacltgubr:lct)(/) e;verawr? S
egy B, and the lowestA’ state defining strategy Gor the P g bography

precise definitions of these strategies, see the next parOf the potential energy surface of the four lowést’ and

S : . ; : ?v_vo lowest?A” states, and information obtained in the 6-root
graph. For the majority of geometries considered in this . . :
strategy A calculation was useful for choosing the functional

study, these sums were greater than 0.95, and they we;e

greater than 0.90 for all nuclear geometries and all compu—Orm for our analytic fit of the potential energy surfaces of

tational strategies considered here. theX 2A” andA A’ states described in Secs. Ill and IV. The

the NaFH systerii! the MRDCI calculations for LiFH were tially reduce the original dimension of théA’ MRCISD
performed in three stages, with each successive stage emtoblem, from 23616 292 CSFs for all single and double
ploying a set of smaller selection thresholHsind a subset €Xxcitations to less thaty 70 000 CSFs in th& =4, 6, 8uEy,

of geometries used in the earlier stage. Thus, the entire p&ase, to less tharr 100000 CSFs inth&=1, 2, 3uEy, case,
tential energy surfaces for the four lowé#t’ and two low- and to less than~200000 CSFs in ther=0.15, 0.30,
est?A” states were first explored using the threshold value§.45uE;, case. The use of the three-step appraatfategies
T=4, 6, and 8«Ej,. This initial 6-root calculation is referred A—C) allowed us to reduce the cost of our calculations fur-
to as strategy A. The exploratory calculations constitutingther, since we used more expensive strategies B and C pri-
strategy A were followed by more accurate calculations formarily in the regions important for the dynamics. The re-
the X2A’ and A2A’ states, and this 2-root calculation is gions of the LiFH potential energy surfacéier example,
referred to as strategy B. In these calculations, we used tH€gions characterized by very high energiebich cannot be
smaller threshold value$=1, 2, and 3uE;,. This set of accessed during the nonadiabatic dissociation of the excited
calculations focused on the regions of potential energy surki--*FH complex do not have to be treated as accurately as
faces critical for the dynamics of the nonadiabatic dissociaregions critical for the dynamics of this process. The use of
tion of the excited LiFH system, including the geometriesstrategies A-C and the use of the MRDCI scheme, which is
along the Li+ HF— LiF + H reaction path, the regions of the based on selecting relatively small sets of CSFs out of large
van der Waals minima on th¥2A’ and A2A’ potential sets of CSFs corresponding to a complete MRCI problem,
energy surfaces, the saddle-point region on the ground-stagdlowed us to cut down the cost of our calculations so much

potential energy surface, and the region of the avoided cros$bat the otherwise expensive MRCI calculations could be
ing of the X 2A’ andA 2A’ states. performed on dense grids of nuclear geometries involving

m§everal thousands of points in a reasonable amount of time.
ployed the smallest selection thresholds, namely,0.15 The results of the MRDCI calculations for each of the three

0.30, and 0.45.E;,. In these most accurate calculations, per-Strategies A—C for a wide range of nuclear geometries is
formed only for the ground state, we focused on H—F dis-available as supplementary informatifThe ab initio en-

tances not exceeding 24, i.e., on the shallow van der ergies are reported in the supplementary material relative to

Waals minimum, the entire reactant valley, and the producth® zero of energy defined as the energy of the ground elec-

valley up to the barrier for the i HF—LiF+H reaction, tonic state atr g=15.0a,, rye=173253,, and 6§

Strategy C was important for improving the description of =179.99°. The total absolute energies for the ground elec-

the van der Waals well and the saddle-point region on théfonic —state —at this geometry are—107.803247,

ground-state potential energy surface, which have also been107.804 286, and-107.804 58(E,, for strategies A, B,

examined by one of us with highly accurate coupled-cluste’nd C, respectively.

calculations® In fact, we used the results of these coupled- ~ The ab initio calculations were performed on different

cluster calculations to choose the optimum value§ dbr ~ huclear geometry grids for each set of calculatires, for

the MRDCI calculations defining strategies B and C. each strategy A-{C and the grids are described in detail in
As pointed out in our earlier study of the NaFH the supporting informatioff} Briefly, the 3380 strategy A

systent? the use of very small thresholdg such as those geometries were designed to be global and cover the range:

defining strategy C, is essential to obtain the correct descrip-Lir=2.0—-15ag, rpe=1.2-7.0ay, and 6=45-179.99°,

tion of shallow minima on potential energy surfaces with thewherer 5z is the A-B internuclear distance anlis the

MRDCI method. For example, the estimated error of ex-Li—-F—H bond angle. The 2232 strategy B geometries cov-

trapolation to ther =0 limit of the complete MRCISD prob- ered a more limited range:r =2.0—15a,, Iy

lem characterizing strategy C was 0.001-0.006 eV, which is=1.4—3.0ay, and#=45-179.99°. The 1362 strategy C ge-

a reasonable accuracy for the ground-state potential energymetries covered the ranger =2.5-15a,, Iy

surface in that it is characterized by a van der Waals mini=1.4—2.6a,, and #=45-179.99°. Each of these grids was

The final set of calculations, denoted as strategy C, e
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augmented by several additional calculations to improve th@ABLE VIl The crossing radiuR, and the separatiohE(R.) between the
quality of the final fit. two lowest adiabatié3 " states of LiF at the Li—F separation equalRg.

The construction of the final quasidiabatic fit for the MRDCI2 EmpiricaP
MRDCI potential energy surfaces of the2A’ and A 2A’ ~— 508 5
states, based on the sequence of three sets of MRDCI calcu- AE(ICQC)OeV 0.024 0021

lations described abovstrategies A—( is discussed in Sec.
I1l. In addition to using MRDCI to calculate the adiabatic *I'he_ nonextrapol_ated MRDCI calculatign With_out the quas!degenerate
potential energy surfaces of the LIFH system, the MRDCI getetil BeeRornas, o, toe o e the method of Ref. 45, The
method was also used to determine the asymptotic form ofeparationAE(R.) was obtained by adjusting the,; (ionic) diabat at
the off-diagonal matrix elements of the diabatic Hamiltonian. R =314, to the classical Rittner potentiftf. Eq.(22) and Ref. 55 and

As explained in Sec. Il the diabatic coupling tetsh, for T8 aRarE b o8 O ctontal of i and elecuon afiy of F
the LiFH system is constructed using the following two S94'®

. . . . were taken from Ref. 74. The required values of the polarizabilities of Li
pieces of information: the minimum energy gaps between thésng F were taken from Refs. 56 and 57, respectively.

adiabatic potential energy surfaces of éA’ and A2A’  "Reference 50.
states, extracted from the MRDCI calculations for these

states as described above, and the magnitude of the coupli
between the lowest twds * states of the LiF and LiH di-

"W description of theJ,,, U,,, andU,, diabatic potentials
i for LiF, for which the coupling is stronger, we uniformly
atomic fragments. shifted the ionic diabat{; to reproduce the difference be-

It is much easier to calculate the diabatic coupling for &, -1 the ionic and covalent diabats,—U,,, at the Li—F
diatomic than for a triatomic system, and several methods foéeparation of 31.8,, that results from the classical Rittner
calculating a diabatic Hamiltonian for a diatomic moleculemode|55 ie ’

have been proposef#*°~>%In this work, we used the method
proposed by Werner and Mey#&r,in which information
about the off-diagonal matrix element of the diabatic Hamil- U3~ U,=IP(Li)—EA(F)— 1IRe— @/ (2Rli),  (22)
tonian is determined from the adiabatic states that are to be

coupled and the transition dipole moments between tliem

n . .
our case, the lowest WX ™ states of LiF and Libt l.n order we used the polarizability values reported in Refs. 56 and
to be consistent, we used the MRDCI approach in these a 7). The resulting diabatic potentialé,;, U,,, andU, for

d'“OF‘a' calcglatlons. Th_e basis sets for I_"F and LiH were LiF and the corresponding diabatic potentials for LiH were
obtained using the ba3|_s sets for the_ Li, F, and H atOmflsed to design th&,, coupling term of the LiFH system
employed in _the calculatlons_ for the L'FH system. We per'(see Sec. I). The high quality of the diabatic states of LiF,
fprmed two kinds of calculations. In the first set of CaICUIa'obtained in this work with the Werner—Meyer sché®and
tions, we used three threshold valués2, 0.4, and 0..E; by the subsequent shifting of the ionic diabat according to

for LiF and 0.001, 0.'002’ anq 0.0, for_ L.iH) and ex Eg. (22) can be seen by analyzing the results listed in Table
trapolated the resulting energies to the 0 limit, as we did VIl. The Li—F distance at which théJ;; and U,, diabats

in the calculations for LiFH. This gave us information aboutCrOSS (the crossing radiu®,), and the separation E(R,)

the entire ground- and excited-state potential energy curves, - - .
. . et A1 5 etween the adiabatic energies of the lowest t0 states
of the LiF and LiH moleculesthe X3, AIl, B"II, of LiF, obtained by rediagonalizing the diabatic Hamiltonian

3y + 1+ ; 1y + 3y +
gé; ?:nfll_[D ngStaéefE?f LtIFt andfthLQ( EI f A Et ’ atR =R, compare very well with the empirical estimates
k ' ' states of LiH. Information of R, andAE(R,) provided in Ref. 50.

about the ground- and first-excited states was useful in de-
signing the correct asymptotic form of our quasidiabatic fit in

the LiF+H and LiH+ F channels. The corresponding vertical IIl. EIT OF THE LOWEST TWO POTENTIAL ENERGY

wherea equals the sum of the polarizabilities of'Land F

excitation energies can be found in Tables V and VI. SURFACES
In the second set of calculations, we used the nonex- o . ) o . ]
trapolated MRDCI energies for the lowest t4a * states, Fitting the adiabaticab initio energies obtained as de-

obtained in the calculations witfi=0.2 »E;, for LiF and scribed in Sec. Il directly would involve fitting the compli-
T=0.0014E, for LiH, and the corresponding dipole mo- cated features of the avoided crossing, the gaddle-poinft, and
ment functions, i.e., the adiabatic dipole moments in the lowhe ground-state van der Waals well to a single functional
est twolS * states and the transition dipole moment betweerform- In addition, we would have to calculate the nonadia-
these states, to construct matrix eleméits, U,,, andU,,  batic vector coupling term

of the diabatic Hamiltonians for LiF and LiH as functions of

the internuclear separations. The relevant adiabatic energies — /X 2A7 |V R 2A7

and dipole moments were obtained on dense grids of points d(@) = ATV AAT, @3
consisting of 45 Li—F distances, ranging between 1.7 and

31.0a,, for LiF, and 41 Li—H distances, ranging between Whereq is the relevant set of nuclear coordinates, on the
1.5 and 15.@,, for LiH. The reference spaces included 96 dense grid of nuclear geometries used in the calculations for
referenceq128 CSF5 for the LiF molecule and 82 refer- theX 2A’ andA 2A’ states. This would considerably increase
enceq82 CSFsfor LiH. In order to improve the accuracy of the cost and complexity of our calculations. Thus, instead of
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fitting the adiabatic potential energy surfaces and nonadia
batic coupling term d, we fit the surfaces 6
quasidiabatically®~44-°8-60

The quasidiabatic electronic states, which formally result
from a 2X2 unitary transformation of the adiabatic states,
are essentially the covalent and ionic states of a valence
bond model, and their energies are relatively smoothly vary%
ing functions of geometry. The quasidiabatic potential energy c>§
matrix is written as

U1i(9) U12(Q))
Uiq) Ux(@))’

whereU ; areU,, are the lower- and higher-energy diabatic
surfaces, respectively, in the tHF asymptotic valley and
the higher- and lower-energy diabatic surfaces, respectively 0
in the LiF+H valley (the quasidiabatic surfaces cross when
all three atoms are interactingrhe quasidiabatic surfaces
are coupled by a single scalar coupling tdd,, which is a 7 1Fs Ao
function of three internal coordinates of LiFH. By defining _ _ - o
the set of coupled surfaces using the quasidiabatic surfac&i>- 1- Asymptotic potential energy curves of LIFH in thetlHF limit.

. . . . . The analytic fits used in the global fit are shown as solid lines, the solid
asin E_q-(24_')1 we al§0 define th_e adl.abatIC S_urfaces and_the"éircles represent the experimental data for HF from Ref. 61 used to obtain
nonadiabatic coupling. The adiabatic energies are obtainedthe ground-state fit, and the open symbols represent the stratalyirtio

without approximation by diagonalizing E¢R4), i.e., data for the ground stai¢riangles and excited statésquaresof the LiFH
system in the L+ HF limit.

W

£
Q
=
83}

(N

U(a)= (29)

—

Vi) (@)= 2[U11(q) +UxAq)]

. . . gies for which the current fit was designed to be useful. We
F3V[U(@) —Upy(@)°+4U35a), (25  therefore did not include the accurate LiH curve explicitly in
the present fij. The HF curve used in fitting the HHF
asymptotic potentials was based on the RKR experimental

i 280 R2p7
\rlzgefc\t/i\l,e?ndTVﬁea;irfggi:éj;téagg(u '?: dgail:d; ?23??25’ data presented in Ref. 63. The LiF curves for the two lowest
P Y. P g Y states of LiF used to fit the LiFH asymptotic potential,

alS(.) be obt_alned W'th(.)m apprommatlon from the quaSIdIa_vvere based on the diatomab initio calculations for LiF
batic energies and their gradiefits.

One disadvantage of using the quasidiabatic representa-
tion is that it is not unique. A strict diabatic representation
would be one in which all of the components of the vector 8
couplingd are zerc*** but such a representation does not
exist in generdl*258-5%except for the trivial, nonphysical Tr

6

solution of a basis that is independent of nuclear geometry
Nevertheless, useful approximate diabatic representation
(i.e., quasidiabatic representations that are expected to cor -,
tain the essentially correct physics for most practical dynam-
ics calculations even when the momentum coupling is ne-
glected may often be defined, either based on smoothnes:
and the incorporation of the geometrical dependencies ex
pected on the basis of an underlying valence bond picture o
the electronic structuf&33*-%Cor pbased on more math-
ematical argumentS=**®?In the present work we use the 1k
former approach.
As mentioned above, we fit the two lowest-energy adia- 0 L . . . !
bat?c potenti_al energy surfa(_:es of LiFH to &2 quasidia- 1 3 5 7 9 11 13 15
batic potential energy matrix, Eq24). The details of the
functional form and parameters used in the 2 LiFH fit are FLiF> dp
presented in the supporting informatihBriefly, our first
step towards obtaining an analytic global potential energyiG. 2. Asymptotic potential energy curves of LiFH in therHiF limit.
surface was to obtain one-dimensional ana|ytic fits for theThl.E ar!alytic fits used in the _global fit for LiFH are shown as solid lines, the
asymptotc potential energy curves for the diatomic potenZIiSIces Epreset e hoh acurste MRDC) et o he oun stte
tials of HF and LiF, in each case with the third atom far the strategy 4ab initio data for the ground statériangles and excited state
away. (Note that the LiH diatomic is not accessible at ener-(squaresof the LiFH system in the Ht LiF limit.

W
T

nergy, €
o
J
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discussed in Sec. Il. Figures 1 and 2 show the fitted LiS the distance from the separated atom A to the center of
+HF and Ht LiF curves, respectively. Also shown are the mass of the diatom BC. The Li(9 atom has a permanent
experimental andb initio diatomic curves upon which the quadrupole moment, and thg,, surface also includes the
HF and LiF fits(with the third atom far awaywere based, guadrupole—quadrupole and dipole—quadrupole forces for
respectively, as well as the strategy A data for these asymphe Li(2p)—HF interaction. The dipole—quadrupole and
totes (see Sec. )l upon which the global fit for LiFH is duadrupole—quadrupole interactions are asymptoti@ i,
based. As seen from Figs. 1 and 2 and as discussed in Sec.#dQ_ ;7 respectively. See the supporting informatftior

the global data agree well with the experimental and highfurther details of the long-range interactions.
level ab initio data. The accuracy of théJ ;, surface is critical for obtaining

Also shown in Figs. 1 and 2 are the excited-state the correct nonadiabatic dynamics, but the adiatztimitio

initio data and fits for HF and LiF, respectively, again with €nergies alone do not provide any direct information about
the third atom far away. For small;e, the excited-state fit the strength of the coupling in the three-body interaction
for the HF curve is equal to the ground-state HF curve'egion. We used the following procedure to obtain a reason-
shifted to higher energy by the excitation energy of1i848  able coupling surface. We selected a functional formUes

eV). The full three-body fitting procedure is facilitated when that behaves asymptotically like tiab initio LiF and LiH

both electronic states go to the same energy when all thre@iabatic coupling curves that we obtained as discussed in
atoms are fully separated, and therefore the excited-state HREC- |I. We assume that in the interaction region the diabatic
asymptotic potential was cut off arounge=3.0a,. The HF coupling will k_Jehave S|m|larly to the asymptotic coupling,
asymptotic curves and the ground-state LiF asymptoti®ut the magnitude may be different. The magnitude of the
curves were not allowed to vary during the remainder of thefiabatic coupling in the interaction region was estimated
fitting procedure. The excited-state LiF asymptotic curve igrom the adiabatic energies near the line of avoided crossing.

purely repulsive and was allowed to vary during the nextS S€en from Eq(25), whenUy;=Uz, the diabatic cou-
step of the fitting procedure. pling U4, is given by /,—V,)/2. We identified the approxi-

After determining the asymptotic HLiF and Li+HF  Mate geometries of the diabatic crossing;{=Uz) by us-

potentials, we developed highly parametrized functionafd the dense grid o&b initio data and locating the line of

forms for the three-dimensional diabats and the diabatic coyMinimum adiabatic energy gaps at eack Ei-Hbond angle.

pling surface. These functional forms were modeled on oulVe then estimated the diabatic coupling along this line to be

previous fits of the NaFH and Natystem£8333yith ad- half the adiabatic energy gap and adjusted the functional
ditional functionality added as demanded by the Ligd  form of the diabatic coupling to have, as well as possible, the
initio data. TheU, diabat is relatively featureless and con- €Stimated magnitude along the line of avoided crossing at
tains only the van der Waals well and the L§)2- HF as- €ach bond angle. Once the functional form b, was ob-
ymptote. We therefore used a simple sum of diatomic term&ined, cutoff functions were added such tbiap vanishes in

to describel;;. The HF potential curve was taken as our fit &/ @symptotes. This feature does not significantly affect the
to the accurate experimerftabiata as discussed above, anddynamics, but it greatly simplifies dynamics calculations.
two parametrized repulsive curves were used to describe the '€ More than 80 adjustable parameters in the,

LiF and LiH diatomic interactions. Flexibility was added to l#?’ andlLJéZ surfaces were ?Pt.'m'zed swgultaneously gunng
the HF curve in the interaction region. The,, diabat is '€ coupled-state triatomic fitting procedure. We used a ge-

more complicated since it has two open arrangement@etic algorithni® to si_multangqusly fit the p.ar_amet.ers of al[

Li(2p)+HF and LiF+H, as well as a saddle point and a three surfac_es by dlagonallzmg thg quaS|d|.abat|c potential

product van der Waals well. We used a highly parametrize@N€rgy matrix to obtain the adiabatic energiésand V.

generalized LEPE -7 function to describe theJ ,, surface. The pararpleters were optimized by minimizing the unfitness

Considerable flexibility in the fit was obtained by using function f~=, where

highly modified triplet functions as well as switching func-

tions to add functionality to the singlet curves. See the sup-

porting InformathHB for details. . . TABLE VIII. Mean unsigned errofMUE) in eV of the fitted energies
Proper treatment of long-range interactithfS can have Vi(R;) and mean unsigned deviatighlUD) in eV of theab initio dataE;;

a significant impact on observables such as the reaction Crogsm their mean value for several energy ranges. The mean errors were

section, as discussed elsewh&telere, we explicitly include  calculated with unit weight on every poimilge,nis the number of geom-

the long-range dispersion and permanent multipole interad—:;tries for the state indicated that lie within the energy range given in each

tions in theU;; and U,, surfaces.(Note that here we may row

include the long-range interactions in the quasidiabatic statesurface Energy Ngeon MUE ~ MUD  MUE/MUD
because the diabatic coupling is nonzero only in the strong range

interaction region. The quas'ldlabatlc states are therefore ;| E,<25eV 1390 0059  0.543 0.11
equal to the adiabatic states in the regions where the long- E,<20eV 1323 0055  0.488 0.11
range forces are importapDispersion and dipole-induced- E;<1.0eV 886 0.039  0.275 0.14
dipole forces were included in th&),; surface for the E,<0.0ev 98 0017  0.060 0.29
Li(2s)—HF interaction and in theU,, surface for the Va Eigg gx 16%7 8'822 gfgg 8'3

. S . : . 2<2. : . .

Li(2p)—HF and H-LIiF interactions. These interactions are E,<18eV 436 0042 0.138 0.31

asymptotic toQ,;"SBC for the interaction A-BC, wher@a gc
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FIG. 3. Contour plot of the fitted ground-state adiabatic surfatg @t a FIG. 5. Contour plot of the fitted first excited-state adiabatic surfaGg &t
Li—-F—H bond angle of 107fthe bond angle of the minimum energy of the a Li—F—H bond angle of 122Vthe bond angle of the minimum energy of
van der Waals well The contour spacing is 0.1 eV for energies less than 1.0the exciplex well. The contour spacing is 0.1 eV for energies less than 2.0
eV, and 1.0 eV for energies above 1.0 eV. The contour corresponding to 0.8V and 1.0 eV for energies above 2.0 eV. The contour corresponding to 1.9
eV is shown as a thick solid line. Note: the zero of energyéibrcontour eV is shown as a thick solid line.

plots in this paper is Li(8) infinitely far from HF at its classical equilibrium

separation.

fri=>

2 wii|Ei; = Vi(R)], (26)  theith adiabatic surface at geometR;. The weightsw;;

1 were selected such that the more critical aréhs saddle
point, the van der Waals well, the exciplex well, and the

whereN; is the number ofb initio data points for surface ~ se€am of avoided crossingvere weighted more heavily than

Vi(R)) is the value of adiabatic potentiafor a given set of less-critical areas(e.g., the high-energy repulsive walls
where two atoms are strongly repelling one another

We determined the final values of the parameters in two
stages. We first obtained the set of parameters which best fits
the least accurate global strategy A data. As mentioned in
Sec. Il, the strategy A data are available over the largest
range of geometrie§3380 data poinys This stage also al-
lowed us to add flexibility to our functional forms as needed.
We further refined our fit by allowing subsets of the param-
eters to vary as we fi¥; andV, to the more accurate strat-
egy B data(2232 data poinjsfor the V, surface and the
strategy C dat&l1362 data poinisfor theV; surface. A com-
parison of the fitted values &f, andV, for a wide range of
nuclear geometries is available as supporting informdfion.

The discussion so far has centered on our most accurate
global fit, which we will call surface fit J when we need to
distinguish it from the preliminary fit of Ref. 26, which can
be called fit H. In some cases one would like to perform
dynamics calculations without the added complication of
long-range forcegwhich require longer integration times or
longer-ranged grids in dynamics calculatinnd/e therefore
0 also created another surface set, which can be called surface

fit JS, that is almost as accurate as surface fit J in the regions

FIG. 4. Contour plot of the fitted ground-state adiabatic surfatg @t a  where we haveab initio data, but has truncated long-range
Li—-F—H bond angle of72.8° (the bond angle of the saddle poginfThe forces. This is fully described in the supporting

contour spacing is 0.1 eV for energies less than 1.0 eV and 1.0 eV for .48 . . .
energies above 1.0 eV. The contour corresponding to 0.0 eV is shown as'g'format'on- In the rest of the articleall discussion refers

thick solid line. to surface fit J.

N parameters at geometR; , andE;; is theab initio energy of

5 U RN 1 1 I L L L

rHF’ aO

r

a

LiF?
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CSO /\0 4 FIG. 7. Adiabatic(thick solid lines and quasidiabati¢thin dashed lines
L LT : energies along the steepest descent path from the saddle point in unscaled
= 3L 0.5 ] i~ . i
T 3 ) . rectilinear coordinate¢r ;= andrg) for the ground-state reaction Li§P
/—\0.6 4 +HF—LiF+H at a fixed bond angle of=72.8°. The distance along the

path is the reaction coordinase
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the ground-state saddle pointespectively, wherd is the
Li—-F—H bond angle. Figure 5 shows a contour plot of the
LiFH first excited-state surface &= 122° (the angle of the

minimum energy of the exciplex well The quasidiabatic
statesU,;, U,,, andU,, are shown in Fig. 6 for the 107°
pond angle. Figure 7 shows the adiabatic and diabatic ener-
gies along steepest-descent paths from the saddle point for
the ground-state Li(®)+HF—LIiF+H reaction at a fixed
Li—F—H bond angle off=72.8°. Table IX shows the geom-
etries and the energies of the stationary points, as well as
calculations in which the zero-point energy was included by
the Morse | approximatiort’? using thePOLYRATE software
package’?

The mean unsigned error of the fit is tabulated as a func- Table X compares the geometries and energies of sta-
tion of energy in Table VIII. For energies relative to the tionary points of the fitted adiabatic potential surfaces to
dynamics calculations of most interest to (lsss than 2.5 those for several other surfa¢@$~'3that have appeared
eV), the fit agrees with thab initio data to within 0.06 eV in the literature. The critical points of the previous ground-
(~1.4 kcal/mo) and is even more accurate for lower ener-state surfaces agree reasonably well with the fit presented
gies. This is a very good agreement, especially sinceathe here, and the present fit has the additional advantage over all
initio data vary over a wide range, as illustrated by the spreatiut oné of the previous fits that it also includes the first
of the data, as measured by its unsigned deviation from itexcited state and over all previous fits that it also includes the
mean. The energy of the ground-state van der Waals well islectronic state coupling. The excited-state properties of the
extremely accurate and agrees with thle initio data to  current fit do not agree well with those reported for the ASP-
within 0.01 eV(0.2 kcal/ma). ALPR fit.8 as shown in Table X. Specifically, the Li—F—H

Figures 3 and 4 show contour plots of the LiFH ground-bond angle of the minimum-energy geometry in the exciplex
state surface af#=107° (the angle of the minimum of the well for the current fit ¢=122°) differs from the result re-
ground-state van der Waals complexd 72.8°(the angle of  ported by ASP-ALPR ¢=180°), and the depth of the exci-

FIG. 6. Contour plots of th¢a) U,;; (b) Uy,; and(c) U, quasidiabatic
surfaces at a lLiF—H bond angle ofl07°. For panelda) and (b), the
contour spacing is 0.1 eV for energies less than 1.0 ev and 1.0 eV fo
energies above 1.0 eV. For partel, the contours are labeled in eV.

IV. DISCUSSION OF THE LiFH SURFACES

IV.A. Two lowest-energy states
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TABLE IX. Geometries and energies of the adiabatic stationary points of LiFH as calculated from the global fit. All bond lengths are in boh#E-tHe Li
angled is in degrees, and the energies are in eV.

Feature I i g Il 0 A V,+ZPE V, V,+ZPE
Reactants e 1.73 e e 0.000 0.255 1.848 2.099
Reactant vdW well oW/, 3.56 1.76 4.42 107.0 —-0.241 0.033 1.244 :
Saddle poirlt of V; 3.10 2.62 3.42 72.8 0.247 0.352 3.227
Product vdW well ofV, 2.98 3.90 3.94 68.4 0.150 0.242 5.567
Products 2.96 - : 0.175 0.232 ¢
Exciplex of V, 3.34 1.82 4,57 122. —0.166 - 1.214 1.438

&The zero-point energfZ PE) was calculated by treating the normal modes as separable Morse | oscilRefss 71, 72 using theroLYRATE v. 8.5.1 software
packaggRef. 73. Zero-point energy is included in one mode for reactants and products, in two modes for the saddle points, and in three modes for the local
three-body minima.

PImaginary frequency: 505cm*.

“The product arrangement is not bound on the excited-state sirface

plex well with respect to the Li(@)+HF asymptote also #=110° and fixed values afyz andr -, respectively. The

differs significantly; we report an exciplex well depth of 0.68 analytic fit for the ground-state and first-excited states are

eV, whereas the APS fit reports a well depth-e0.9 eV.

IV.B. Other excited states

shown as solid lines, and thab initio data are connected
with dashed lines for the excited states that are not included
in the analytic fit. The symbols represent tie initio data.

For completeness, we also include contour plots of the
V. SUMMARY AND FORTRAN VERSION

ab initio data for the second-excitedBfA”) and third-

excited C2A’) states as Figs. 8 and 9, respectively. Both
figures show thab initio data ford=110°. These two states

are degenerate with th®2A’ state in the Lir HF limit (the

degenerate 22P state of the Li atom in the b HF limit).

We have presented the results of accurate high-label

initio calculations for the first six states of the LiFH system
at a large range of geometries. We have used these data to
A2A’, B2A”, andC2A’ states correspond to the threefold construct a highly accuratex?2 quasidiabatic analytic fit to

the first two adiabatic potential energy surfaces. The fit ex-
To further illustrate the role that these states may play in thelicitly includes long-range interactions and the electronic
dynamics of electronically excited LiFH, Figs. 10 and state coupling. The geometries and energies of the stationary
11show cuts through the ground-state van der Waals well fopoints (the ground-state reactant van der Waals well, the

TABLE X. Comparisons of the geometries and energies of the stationary points on the adiabatic potential
surfaces for several fitted LiFH potential energy surfaces.

Present cs CmP ASP-ALPF PLCP'  APLR® BPSE
Reactants
rue (20) 1.73 1.76 1.73 1.74 1.73 1.74
V, (eV) 0.0 0.0 0.0 0.0 0.0 0.0
V, (eV) 1.85 .. 2.05
van der Waals well
rue (o) 3.56 3.68 3.59 3.65 3.55 3.60
rue (20) 1.76 1.78 1.76 1.76 1.77 1.76
0 (deg 107 109 114 106 ‘e 107 109
V; (eV) —-0.24 —0.20 —-0.26 —-0.29 —-0.30 —0.28 —-0.25
Saddle point
rue (ag) 3.10 3.21 3.12 3.20 3.20 3.14
r'ue (20) 2.62 2.44 2.48 246 - 2.46 2.42
0 (deg 72.8 71 74 73 74 714 71.2
V4(eV) 0.25 0.43 0.34 0.25 0.18 0.23 0.25
Products
rue (ag) 2.96 3.03 2.95 3.00 2.96 3.00
V; (eV) 0.18 0.13 0.17 0.10 0.15 08
Exciplex well
rue (o) 3.34 3.18
rue (ag) 1.82 1.95
0 (deg 122. 180.
V, (eV) 1.21 1.16

YReference 11.
‘Reference 12.
'Reference 13.

@Reference 4.
PReference 5.
‘Reference 8.
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FIG. 8. Contour plot of theab initio data for the second-excited state FIG. 10. Cut alc?ngLiF‘through the minimum of the grqund-state van der
e ) o Waals well at a fixed l+F—Hbond angle of 110° with fixed at 1.73a,.

(B ?A") at a Li—-F—H bond angle df10°. The contour spacing is 0.1 eV for The analytic fits for the two lowest-energy states are shown as solid lines.
energies less than 2.0 eV and 1.0 eV for energies above 2.0 eV. The contoghe ab initio data are shown as symbols, where the circles represent the

corresponding to 1.9 eV is shown as a thick solid line. X 2A’ state, triangles represent tie?A’ state, diamonds represent the
B 2A” state, squares represent tB€A’ state, “X” represent theD 2A’
state, and “” represent theE 2A” state. The symbols are connected by

ground-state saddle point, the ground-state product van dgfashed lines for the states not included in the analytic fits.

Waals well, and the exciplex welagree well with othe(less

complete fits that have been presented in the literature. The

surface set presented in this paper should be useful for dy-

namical modeling of the global electronically nonadiabatic

dynamics in both reactive and nonreactive processes.

A FORTRAN copy of the fitted potential matrix is avail-
able in the POTLIB library.”

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

_1.0 1 1 1 i 1 []
1.0 15 20 25 3.0 35 40 45

rt 1 [ 11Tt rrrrrryrrrorr1r

Energy, eV

Fap 3

¥ yp, A

FIG. 11. Cut along ¢ through the minimum of the ground-state van der
Waals well at a fixed L-F—Hbond angle of 110° with - fixed at 2.96 g.

0 The analytic fits for the two lowest-energy states are shown as solid lines.
The ab initio data are shown as open symbols, where the circles represent

~ X 2A7 i x ' .
FIG. 9. Contour plot of theb initio data for the third-excited stat€(A") E_hgx A’ state, triangles represeﬂt tASA’ state, diamonds repr(istzant the
at a Li—F—H bond angle af10°. The contour spacing is 0.1 eV for energies B °A” state, squares represent 8¢A’ state, “x” represent theD *A

less than 2.0 eV and 1.0 eV for energies greater than 2.0 eV. The contowstate, and “” represent theE 2A” state. The symbols are connected by
corresponding to 1.9 eV is shown as a thick solid line. dashed lines for the states not included in the analytic fits.
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